Spinal cord injury (SCI) leads to rapid destruction of neuronal tissue, resulting in devastating motor and sensory deficits. This is exacerbated by damage to spinal cord blood vessels and loss of vascular integrity. Thus, approaches that protect existing blood vessels or stimulate the growth of new blood vessels might present a novel approach to minimize loss or promote regeneration of spinal cord tissue following SCI. In light of the remarkable power of chronic mild hypoxia (CMH) to stimulate vascular remodeling in the brain, the goal of this study was to examine how CMH (8% O 2 for up to 7 days) affects blood vessel remodeling in the spinal cord. We found that CMH promoted the following: (1) endothelial proliferation and increased vascularity as a result of angiogenesis and arteriogenesis, (2) increased vascular expression of the angiogenic extracellular matrix protein fibronectin as well as concomitant increases in endothelial expression of the fibronectin receptor α5β1 integrin, (3) strongly upregulated endothelial expression of the tight junction proteins claudin-5, ZO-1 and occludin and (4) astrocyte activation. Of note, the vascular remodeling changes induced by CMH were more extensive in white matter. Interestingly, hypoxic-induced vascular remodeling in spinal cord blood vessels was markedly attenuated in mice lacking endothelial α5 integrin expression (α5-EC-KO mice). Taken together, these studies demonstrate the considerable remodeling potential of spinal cord blood vessels and highlight an important angiogenic role for the α5β1 integrin in promoting endothelial proliferation. They also imply that stimulation of the α5β1 integrin or controlled use of mild hypoxia might provide new approaches for promoting angiogenesis and improving vascular integrity in spinal cord blood vessels.
Introduction
Blood vessels of the spinal cord play an essential role in supplying the oxygen and metabolic demands of spinal cord neurons and glial cells. Abrupt loss of vascularization during spinal cord injury (SCI) quickly leads to cell death and destruction of spinal cord tissue, resulting in profound motor and sensory deficits [1, 2] . Mechanical injury tears blood vessels in the immediate vicinity of damage and also causes blood vessels in adjacent areas to become leaky and dysfunctional [3] . This in turn leads to activation of several pathological mechanisms including tissue edema, excitotoxicity, free radical damage and neuroinflammation, all of which amplify the secondary expansion of tissue destruction [4, 5] . Interestingly, an endogenous angiogenic response occurs immediately after tissue damage, but this ultimately fails to produce functionally stable new blood vessels [1, 2] . This lack of functional blood supply impedes endogenous tissue repair and also limits potential repair strategies. With this in mind, it becomes apparent that approaches that either protect existing blood vessels or stimulate the growth of new blood vessels might present a way to minimize loss of spinal cord tissue following SCI [6] .
Surprisingly, little is known about the vascular plasticity of spinal cord blood vessels or the types of stimuli or factors that promote this plasticity. Within the brain, a number of studies have demonstrated the remarkable power of chronic mild hypoxia (CMH) to stimulate vascular remodeling [7] [8] [9] . Over a series of studies, it has been shown that exposure of mice or rats to mild hypoxia (8% O 2 ) for 2-3 weeks promotes a marked angiogenic response, resulting in greater than 50% increases in vessel density over a 2-week period. These brain studies also revealed that hypoxic induction of vascular remodeling is not just limited to capillaries, as first described, but also includes significant arteriogenic remodeling, demonstrating that CMH promotes vascular remodeling at all stages of the vascular tree [10] . Significantly, in the brain, CMH also promotes marked upregulation of the tight junction proteins claudin-5 and ZO-1 at the blood-brain barrier (BBB), suggestive of increased vascular integrity [11, 12] .
The molecular mechanisms that mediate hypoxic-induced vascular remodeling in the brain have been well defined and include hypoxic inducible factor-1-alpha (HIF-1α), vascular endothelial growth factor (VEGF) and angiopoietin 2 (Ang2) [13] [14] [15] . In addition, we have shown that the extracellular matrix (ECM) protein fibronectin is strongly upregulated on remodeling cerebral blood vessels in mice exposed to CMH [9, 12] , as well as in animal models of ischemic stroke and multiple sclerosis [16, 17] , clinical situations where angiogenic remodeling is thought to play a significant role. These studies also indicate that angiogenic endothelial cells strongly upregulate expression of the fibronectin receptor α5β1 integrin. The functional significance of the fibronectin-α5β1 integrin signaling pathway in promoting vascular remodeling in the brain was demonstrated by the observation that transgenic mice lacking α5 integrin expression specifically in endothelial cells (α5-EC-KO transgenic mice) display attenuated endothelial cell proliferation and a delayed hypoxic-induced angiogenic response [18] .
As the plasticity of spinal cord blood vessels has yet to be fully explored, the main goal of this study was to investigate how CMH regulates vascular remodeling in the spinal cord. In particular, we wanted to examine how CMH influences angiogenesis, arteriogenesis, endothelial expression of the fibronectin-α5β1 integrin signaling axis, and endothelial expression of tight junction proteins, and then determine if α5β1 integrin-mediated signaling drives the vascular remodeling process.
Materials and methods

Animals
The studies described have been reviewed and approved by The Scripps Research Institute Institutional Animal Care and Use Committee. Wild-type female SJL/J mice were purchased from JAX labs and maintained under pathogenfree conditions at The Scripps Research Institute (TSRI). The generation of the Tie2-Cre/α5 integrin +/− strain, and α5 integrin flox/flox strains of mice have been described previously [19] [20] [21] . Both strains were backcrossed > 6 times onto the C57BL/6 background and maintained under specific pathogen-free conditions in the closed breeding colony of The Scripps Research Institute (TSRI). Breeding of these two strains generated mice that lacked expression of the α5 integrin specifically in endothelial cells (referred to here as α5 endothelial cell knockout mice (α5-EC-KO) mice; i.e., α5
f/-; Tie2-Cre), accounting for 25% of the offspring, as well as mice that were Tie2-Cre negative, having two copies of the α5 integrin gene (α5 +/f ), which were used as controls. Genotyping was performed using previously described protocols [19] [20] [21] .
Chronic hypoxia model
8-10-week-old wild-type female SJL/J mice or α5-EC-KO and their WT littermate controls were housed 4 to a cage and placed into a hypoxic chamber (Biospherix, Redfield, NY) maintained at 8% O 2 for periods up to 7 days. Littermate control mice were kept in the same room under similar conditions except that they were kept at ambient sea-level oxygen levels (normoxia, approximately 21% O 2 at sea-level) for the duration of the experiment. Every few days, the chamber was briefly opened for cage cleaning and food and water replacement as needed.
Immunohistochemistry and antibodies
Immunohistochemistry was performed as described previously [22] on 10-µm frozen sections of cold phosphatebuffered saline (PBS) perfused spinal cords taken from mice subject to either normoxia (control) or hypoxic conditions. The following antibodies were used in this study: rat monoclonal antibodies reactive for CD31 (clone MEC13.3) and the integrin subunit α5 (clone 5H10-27 (MFR5)) (BD Pharmingen (La Jolla, CA), hamster anti-CD31 (clone 2H8, Abcam, Cambridge, MA), rabbit anti-fibronectin and antilaminin (Sigma, St. Louis, MO), mouse anti-α-SMA-Cy3 conjugate (Sigma, clone 1A4), rabbit anti-claudin-5, rabbit anti-occludin and rabbit anti-ZO-1) (all from Invitrogen, Carlsbad, CA), and mouse anti-Ki67 (Vector laboratories, Burlingame, CA). Secondary antibodies used included goat anti-rabbit Cy3, goat anti-rat Cy3, goat anti-mouse Cy3, and goat anti-rabbit Cy5 (far red) (all from Jackson Immunoresearch, Baltimore, PA) and anti-rat Alexa Fluor 488 and anti-hamster Alexa-488 (both from Invitrogen).
Image analysis
Images were taken using a 10 × or 20 × objective on a Zeiss Imager M1.m microscope. All analysis was performed in the spinal cord. Within these regions, and for each antigen, images of three randomly selected areas were taken at 10 × or 20 × magnification in both the white and gray matter, and three sections per spinal cord analyzed to calculate the mean for each subject. For each antigen in each experiment, exposure time was set to convey the maximum amount of information without saturating the image. Exposure time was maintained constant for each antigen across the timecourse of hypoxic exposure. All data analysis was performed using NIH Image J software. This includes quantification of total vascular (CD31-positive) area and the number of CD31/Ki67 dual-positive cells and α-SMA-positive vessels. To quantify the expression level of vascular fibronectin, α5 integrin, and the tight junction proteins claudin-5, occludin and ZO-1, NIH Image J software was used to measure the total fluorescent signal per field of view. Each experiment was performed with three different animals per condition and the results expressed as the mean ± SEM. Statistical significance was assessed using one-way analysis of variance (ANOVA) followed by Tukey's multiple comparison post hoc test, in which p < 0.05 was defined as statistically significant.
Results
Chronic mild hypoxia (CMH) promotes a strong vascular remodeling response in spinal cord blood vessels
To examine how chronic mild hypoxia (CMH) influences vascular remodeling in blood vessels of the spinal cord, 10-week-old mice were exposed to normoxia (control) or hypoxia (8% O 2 ) for 2, 4 or 7 days. Spinal cords were then analyzed by CD31/Ki67 dual-immunofluorescence (dual-IF) for the endothelial cell marker CD31 and the cell proliferation marker Ki67, to quantify total vascular area and endothelial proliferation. Consistent with previous reports [23, 24] , under control (normoxic) conditions, CD31 staining revealed that blood vessel density in spinal cord gray matter was much higher (approximately four to fivefold) than white matter (compare top left panel in Fig. 1d with that in Fig. 1a ). When we examined endothelial proliferation, CD31/Ki67 dual-IF showed that proliferating endothelial cells were rarely seen in the spinal cords of control (normoxic) mice but that CMH triggered a marked endothelial proliferation response. After 2-day CMH, very few Ki67-positive cells were observed, but after 4-day CMH, many CD31/Ki67 dual-positive cells were present throughout the spinal cord, in both gray and white matter. Interestingly, many of the proliferating Ki67-positive endothelial cells displayed a linear arrangement (Fig. 1a) , indicating localized growth and expansion of pre-existing blood vessels. Strikingly, despite vascular density being highest in the gray matter, the greatest number of proliferating endothelial cells was found in white matter. In both regions, quantification revealed that the number of proliferating endothelial cells reached a maximum after 4-day CMH and declined thereafter. Compared with normoxic conditions, 4-day CMH increased the number of CD31/Ki67 dual-positive cells per field of view (FOV) from 0.33 ± 0.33 under normoxic conditions to 12.33 ± 1.85 in the white matter (p < 0.01) (Fig. 1b) and from 0.11 ± 0.2 under normoxic conditions to 8.22 ± 1.26 in the gray matter (p < 0.01) (Fig. 1e) . Furthermore, this endothelial proliferation response correlated with an obvious expansion of the area covered by blood vessels (total vascular area) such that after 7-day hypoxia, the area covered by blood vessels expressed as a % of the total FOV had increased from 1.18 ± 0.24% under normoxic conditions to 3.90 ± 0.50% in the white matter (p < 0.01) (Fig. 1c) and from 3.43 ± 0.34% under normoxic conditions to 5.50 ± 0.93% in the gray matter (p < 0.01) (Fig. 1f) . This demonstrates that endothelial proliferation and vascular expansion occur in both white and gray matter, but makes the point that vascular remodeling is more extensive in white matter, where the higher rate of endothelial proliferation translates into a greater expansion of total vascular area. This is also evident in the IF pictures shown in Fig. 1a, d . To investigate the relationship between new vessels and astrocytes or neurons, we performed triple staining. This showed that newly generated vessels (dual-positive for laminin and Ki67) were often seen growing toward neuron-rich (NeuNpositive) areas and were also closely associated with GFAPpositive astrocyte endfeet (Fig. 1g, h, respectively) .
In a recent study in brain tissue, we showed that in addition to promoting angiogenic remodeling, CMH also stimulates an active arteriogenic remodeling response, culminating in an increased density of arterioles [10] . To examine if a similar mechanism also exists in the spinal cord, we performed dual-IF on spinal cord tissue with the endothelial marker CD31 and the smooth muscle cell marker α-smooth muscle actin (α-SMA), which by virtue of the higher level of smooth muscle cells within arterial vessels, preferentially labels arterial vessels. As shown in Fig. 2 , under normoxic conditions, most of the α-SMA-positive vessels were located in gray matter (panel C), with barely any observed in white matter (panel A). Interestingly, 7-day CMH significantly increased the density of α-SMA-positive vessels in both spinal cord white matter (increased from 0.11 ± 0.19 SMA-positive vessels/FOV under normoxic conditions to 1.78 ± 0.19 α-SMA-positive vessels/FOV, p < 0.05) and in gray matter (increased from 5.33 ± 1.33 SMA-positive vessels/FOV to 12.0 ± 1.0 α-SMA-positive vessels/FOV, p < 0.01). Thus, CMH also stimulates an arteriogenic response in spinal cord blood vessels. In a previous study, we showed that arteriogenic vessels could be identified by downregulated expression of CD105 (endoglin), an anciliary TGF-β receptor [10] . Using this as a tool to identify arteriogenic vessels in the hypoxic spinal cord, we confirmed that as in the brain, while α-SMA-positive arterial vessels in the normoxic spinal cord express high levels of CD105, remodeling arterioles in the hypoxic spinal cord strongly downregulate this receptor (see arrows in Fig. 3b ). As the process of arteriogenesis has been shown to be more dependent on signals derived from monocytic cells than on angiogenic factors such as VEGF [25, 26] , we next examined the distribution of Mac-1-positive cells in hypoxic spinal cord. This revealed that in contrast to arterial vessels under normoxic conditions, arteriogenic vessels in the hypoxic spinal cord were surrounded by aggregates of Mac-1-positive cells (Fig. 3a) .
Chronic mild hypoxia strongly upregulates the angiogenic proteins fibronectin and α5β1 integrin on spinal cord blood vessels
In previous work in brain tissue, we demonstrated that fibronectin and the fibronectin receptor α5β1 integrin are strongly upregulated on angiogenic blood vessels and that these proteins play an important role in driving endothelial proliferation and angiogenic remodeling in response to CMH [9, 12, 18] . As a first step in determining whether the same mechanism regulates vascular remodeling in spinal cord blood vessels, we examined whether CMH triggered changes in fibronectin and α5β1 integrin expression in spinal cord blood vessels. As shown in Fig. 4 , CD31/fibronectin dual-IF revealed that after 4-and 7-day CMH, vascular expression levels of fibronectin were strongly upregulated on spinal cord blood vessels. Quantification of expression levels by fluorescent densitometry using NIH Image J software showed that following 7-day CMH, vascular fibronectin expression levels were increased from 0.82 ± 0.25 fluorescent units under normoxic conditions to 3.44 ± 0.31 fluorescent units in the white matter (p < 0.01) (Fig. 4b) and from 2.0 ± 0.83 fluorescent units under normoxic conditions to 4.78 ± 0.17 fluorescent units in the gray matter (p < 0.01 (Fig. 4d) . In parallel, CMH also strongly increased endothelial expression of the fibronectin receptor α5 integrin within spinal cord blood vessels (Fig. 5) . Quantification revealed that 7-day CMH increased expression of α5 integrin within spinal cord blood vessels from 0.68 ± 0.45 fluorescent units under normoxic conditions to 2.83 ± 0.16 fluorescent units in the white matter (p < 0.01) (Fig. 5b) and from 1.14 ± 0.37 fluorescent units under normoxic conditions to 4.32 ± 0.35 fluorescent units in the gray matter (p < 0.01) (Fig. 4d) . Thus, CMH promotes a striking upregulation of fibronectin and the endothelial α5β1 integrin within spinal cord blood vessels.
Chronic mild hypoxia also upregulates endothelial expression of tight junction proteins on spinal cord blood vessels
Endothelial tight junction proteins are one of the major molecular mechanisms responsible for maintaining the integrity of the blood-brain barrier (BBB) [27] [28] [29] . Several years ago, we made the observation that CMH stimulates a marked upregulation of the tight junction proteins claudin-5 and ZO-1 in cerebral blood vessels [12] . To examine whether a similar regulation occurs in the spinal cord, we performed CD31/claudin-5, CD31/ZO-1 and CD31/occludin dual-IF on frozen sections of spinal cord. As shown in Figs. 5, 6 and 7, CMH exposure for 4 or 7 days triggered strong upregulation of all three tight junction proteins in spinal cord blood vessels. Fluorescent densitometry showed that 7-day CMH increased endothelial expression of claudin-5 from 0.50 ± 0.12 fluorescent units under normoxic conditions to 2.06 ± 0.26 fluorescent units in the white matter (p < 0.01) and from 1.53 ± 0.67 fluorescent units under normoxic conditions to 4.27 ± 0.77 fluorescent units in the gray matter (p < 0.01) (Fig. 6) . In parallel, 7-day CMH increased endothelial ZO-1 expression from 0.37 ± 0.06 fluorescent units under normoxic conditions to 1.56 ± 0.19 fluorescent units in the white matter (p < 0.01) and from 1.21 ± 0.16 fluorescent units under normoxic conditions to 2.92 ± 0.50 fluorescent units in the gray matter (p < 0.01) (Fig. 7) and also increased endothelial occludin expression from 0.33 ± 0.09 fluorescent units under normoxic conditions to 1.32 ± 0.09 fluorescent units in the white matter (p < 0.01) and from 1.46 ± 0.04 fluorescent units under normoxic conditions to 2.89 ± 0.11 fluorescent units in the gray matter (p < 0.01) (Fig. 8) . This shows that CMH triggers strong endothelial upregulation of the tight junction proteins claudin-5, ZO-1 and occludin.
Chronic mild hypoxia also triggers marked astrocyte activation, specifically in the gray matter
In light of our previous finding that CMH stimulates astrocyte activation in the brain [12] , we also examined whether a similar regulation occurs in the spinal cord. Under control (normoxic) conditions, GFAP staining revealed a strong and robust expression within the fibrous astrocytes of white matter, but in contrast, within the gray matter, only a relatively low density of GFAP-positive cells were detected. Interestingly, the influence of CMH on GFAP expression within the white and gray matter was quite Fig. 1 Chronic mild hypoxia (CMH) stimulates vascular remodeling in spinal cord blood vessels. Dual-IF was performed on frozen sections of spinal cord white matter (a) or gray matter (d) taken from mice exposed to normoxia or 2-, 4-or 7-day hypoxia using antibodies specific for CD31 (AlexaFluor-488) and Ki67 (Cy-3). Scale bar is 100 μm, except for the inset where scale bar is 50 μm. Note that little endothelial proliferation is seen after 2-day hypoxia, but after 4-day hypoxia a strong proliferative response is observed, before declining at later time-points. Proliferating endothelial cells are seen grouped together in a linear arrangement within a single vessel, in which an angiogenic sprout is observed (see inset). b and f Quantification of endothelial proliferation at different time-points of CMH in white matter (b) and gray matter (e). Results are expressed as the mean ± SEM (n = 3 mice/group). c and f Quantification of the influence of CMH on total vascular area in white matter (c) and gray matter (f). Results are expressed as the mean ± SEM in which vascular area is represented as a % of the FOV (n = 3 mice/group). Note that endothelial proliferation and vascular expansion occur in both white matter and gray matter, but vascular remodeling is more extensive in white matter, where the higher rate of endothelial proliferation translates into a greater expansion of total vascular area. *p < 0.05, **p < 0.01 versus normoxia (0-day hypoxia). g Triple-IF for laminin (Cy-5), Ki67 (Cy-3) and NeuN (AlexaFluor-488). h Triple-IF for laminin (Cy-5), Ki67 (AlexaFluor-488) and GFAP (Cy-3) ◂ different. In contrast to the white matter, where CMH had no obvious effect on GFAP expression, in the gray matter, CMH triggered a gradual increase both in the number of GFAP-positive cells and also in the size and staining intensity of GFAP-positive cells. Quantification showed that CMH had no noticeable effect on the total amount of GFAP fluorescent signal in the white matter, but in the gray matter, 7-day CMH increased the GFAP signal from 5.04 ± 0.56 fluorescent units under normoxic conditions to 16.04 ± 3.51 fluorescent units (p < 0.01) (Fig. 9) . Results are expressed as the mean ± SEM (n = 3 mice/group). Note that under normoxic conditions, most of the α-SMA-positive vessels were located in spinal cord gray matter, with barely any observed in white matter, but 7-day CMH significantly increased the density of α-SMA-positive vessels in both white and gray matter. *p < 0.05, **p < 0.01 versus normoxia (0 days hypoxia)
Μice deficient in α5 integrin show reduced spinal cord vascular remodeling in response to cerebral hypoxia
As our laboratory previously demonstrated that transgenic mice lacking α5 integrin expression in endothelial cells (α5-EC-KO transgenic mice) showed attenuated cerebrovascular remodeling in response to mild hypoxia [18] , we wanted to examine if the same mechanism is also relevant in the spinal cord. Mice were subject to mild hypoxia (8% O 2 ) for 0, 4 or 7 days and their spinal cords were analyzed for vessel density and endothelial proliferation by CD31/ Ki67 dual-IF. As shown in Fig. 10c, d , after 4-day hypoxia, the number of dual-positive Ki67+/CD31+ cells per field of view in the spinal cord of α5-EC-KO mice was significantly lower than in WT littermates, both in the white matter (7.56 ± 0.35 compared with 10.89 ± 0.76, p < 0.01) and in the gray matter (4.67 ± 0.33 compared with 6.78 ± 0.51, p < 0.01). Interestingly however, after 7-day hypoxia, this ranking reversed, such that the number of dual-positive Ki67+/CD31+ cells in the spinal cord of α5-EC-KO mice became significantly higher than in controls, both in the white matter (8.44 ± 0.51 compared with 5.67 ± 1.2, p < 0.05) and in the gray matter (5.33 ± 0.58 compared with 3.78 ± 0.19, p < 0.05). Quantification of total vascular area in the spinal cord revealed that under normoxic conditions, there was no difference between α5-EC-KO and control mice, in either the white matter (0.85 ± 0.14 compared with 0.91 ± 0.04) or the gray matter (3.66 ± 0.30 compared with 3.63 ± 0.73) (Fig. 10e, f) . However, in keeping with the reduced endothelial proliferation response, the hypoxicassociated expansion in total vascular area observed after 7-day CMH was markedly reduced in α5-EC-KO mice both in the white matter (1.97 ± 0.13 compared with 2.92 ± 0.41, p < 0.05) and in the gray matter (4.86 ± 0.36 compared with 5.65 ± 0.19, p < 0.05). Taken together, these studies demonstrate that mice lacking endothelial cell α5 integrin expression showed a significantly attenuated and delayed spinal cord vascular remodeling response to cerebral hypoxia.
Discussion
Spinal cord injury (SCI) leads to rapid cell death and destruction of tissue, resulting in profound motor and sensory deficits [1, 2] . This injury tears blood vessels in the area of damage and also causes neighboring blood vessels to become leaky and dysfunctional, thus compounding the problem [3] . Lack of functional vasculature impedes endogenous tissue repair as well as limiting repair strategies. With this in mind, it becomes apparent that approaches that can protect existing blood vessels or stimulate the growth of new blood vessels might present a way to minimize loss or promote regeneration of spinal cord tissue following SCI. In light of the remarkable power of chronic mild hypoxia (CMH) to stimulate vascular remodeling in the brain [7] [8] [9] , the goal of this study was to examine the influence of CMH (8% O 2 for up to 7 days) on blood vessel remodeling in the spinal cord. We found that over a period of 7 days, CMH promoted the following events within spinal cord blood vessels: (1) endothelial proliferation and increased vascularity Fig. 3 Characterization of arteriogenic events in the hypoxic spinal cord. a Dual-IF was performed on frozen sections of spinal cord gray matter taken from mice exposed to normoxia or 4-day hypoxia using antibodies specific for Mac-1 (AlexaFluor-488) and α-SMA (Cy-3). Scale bar 25 μm. Note that in contrast to arterial vessels in the normoxic spinal cord, arteriogenic vessels in the hypoxic spinal cord were surrounded by aggregates of Mac-1-positive cells. b Dual-IF was performed on frozen sections of spinal cord gray matter taken from mice exposed to normoxia or 4-day hypoxia using antibodies specific for CD105 (AlexaFluor-488) and α-SMA (Cy-3). Scale bar 25 μm. Note that while α-SMA-positive arterial vessels in the normoxic spinal cord express high levels of CD105, remodeling arterioles in the hypoxic spinal cord strongly downregulate this receptor (see arrows) as a result of angiogenic and arteriogenic responses, (2) increased vascular expression of the pro-angiogenic ECM protein fibronectin as well as concomitant increases in endothelial expression of the fibronectin receptor α5β1 integrin, (3) upregulated endothelial expression of the tight junction proteins claudin-5, ZO-1 and occludin and (4) astrocyte activation. Of note, the vascular remodeling changes induced by CMH were generally more extensive in white matter, while the astrocyte activation response was most evident in gray matter. Interestingly, hypoxicinduced vascular remodeling in spinal cord blood vessels was markedly attenuated in mice lacking endothelial α5 integrin expression (α5-EC-KO mice). Taken together, these studies demonstrate the considerable remodeling Results are expressed as the mean ± SEM (n = 3 mice/group). Note that under normoxic conditions, vascular fibronectin expression is low, but after 4-or 7-day CMH, fibronectin expression is strongly increased, both in white and gray matter. **p < 0.01 versus normoxia (0-day hypoxia) potential of spinal cord blood vessels and highlight an important angiogenic role for the α5β1 integrin in promoting endothelial proliferation. They also suggest that stimulation of the α5β1 integrin or controlled use of mild hypoxia might provide new therapeutic approaches to promote angiogenesis and improve vascular integrity in spinal cord blood vessels. Results are expressed as the mean ± SEM (n = 3 mice/group). Note that under normoxic conditions, endothelial expression of α5 integrin is low, but after 4-or 7-day CMH, α5 integrin expression is strongly increased, in both white and gray matter. *p < 0.05, **p < 0.01 versus normoxia (0-day hypoxia)
3
Vascular remodeling induced by CMH is more extensive in white matter
It is well established that blood vessel density in the gray matter is much higher (approximately four to fivefold) than in white matter, presumably because of the higher metabolic requirements of the neuron-rich tissue in gray matter [23, 24] . Interestingly though, in our current study, we found that the vascular remodeling changes induced by CMH were more extensive in the white matter, which is a rather surprising result. CMH triggered endothelial proliferation, enhanced expression of the pro-angiogenic fibronectin-α5β1 integrin signaling axis and increased vascularity in the gray matter, but these changes were Results are expressed as the mean ± SEM (n = 3 mice/group). Note that after 4-or 7-day CMH, claudin-5 expression is strongly increased, in both white and gray matter. *p < 0.05, **p < 0.01 versus normoxia (0-day hypoxia)
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noticeably stronger in the white matter. It is currently unknown what accounts for this difference. One possibility is that the blood supply to the neuron-rich gray matter is already optimized and has a higher degree of functional reserve, and is thus able to handle small changes in delivery of oxygen, glucose and other nutrients, whereas blood vessels in the white matter are already working at 100% of capacity and are forced to enhance vessel density if they are to continue to provide sufficient oxygen in the face of hypoxic challenge. An alternative possibility is that other compensatory mechanisms exist in the gray matter to maintain energy delivery to the sensitive neuronal population, and one such defined mechanism is the astrocyte-neuron lactate shuttle, whereby astrocytes provide neighboring neurons with the energy substrate lactate, from which neurons then derive ATP [30] . Yet another reason could be that oligodendrocytes, the most abundant cell type within white matter, are highly sensitive to the effects of hypoxia and thus trigger a stronger adaptive vascular remodeling response to cope with the hypoxic challenge. While it is currently unclear which of these explanations, if any, accounts for the differential effect we see in vascular remodeling between white and gray matter, future studies should clarify our understanding of this process. Results are expressed as the mean ± SEM (n = 3 mice/group). Note that after 4-or 7-day CMH, occludin expression is strongly increased, in both white and gray matter. *p < 0.05, **p < 0.01 versus normoxia (0-day hypoxia)
Does mild hypoxia provide therapeutic benefit in spinal cord injury (SCI) by optimizing vascularity and vascular integrity?
Over the last 15 years, a number of studies have shown that mild hypoxia, when delivered intermittently, can promote neuroplasticity in the injured spinal cord, leading to functional recovery of breathing capacity and limb motor function [31, 32] . While most of the research into the underlying mechanisms have centered on growth factor release, neurotransmitters and electrophysiology [33] , to date no one has examined the role of blood vessels in this process.
The work we present here shows that mild hypoxia when administered chronically exerts profound changes in blood vessels of the spinal cord, leading to enhanced vascular density and increased expression of endothelial tight junction proteins, suggestive of tightened vascular integrity. Most of the hypoxic work in SCI recovery has involved the use of intermittent hypoxic training (IHT) protocols, whereby a series of short relatively mild hypoxic exposures leads to demonstrable clinical benefit [31, 32] . The current challenge in the field is to titrate back the dosing of hypoxia so as to trigger beneficial effects without inducing any pathological events.
The angiogenic role of α5β1 integrin
In addition to using mild hypoxia as a means of stimulating beneficial changes prior to insult (pre-conditioning) or after insult (post-conditioning), our study also makes the important point that pharmacological manipulation of the fibronectin-α5β1 integrin axis might offer an alternative approach to stimulate vascular growth and integrity. Accumulating data taken from different systems suggests that the fibronectin-α5β1 integrin axis plays an important role in angiogenesis. Mice with global KO of the fibronectin or α5 integrin genes show an embryonic lethal phenotype and aberrant blood vessel formation in the embryo [21, 34] . Similar vascular defects are also apparent in α5 integrin-null embryoid bodies and teratoma cells [35] . Importantly, while differentiated endothelial cells express low levels of α5β1 integrin, angiogenic endothelial cells strongly upregulate this integrin, and functional blockade of the α5β1 integrin in tumor-induced neovasculature inhibits angiogenesis and tumor growth in vivo [36] . We previously demonstrated that angiogenic endothelial cells in the CNS upregulate two different fibronectin receptors, the α5β1 and αvβ3 integrins [37] . Interestingly however, while hypoxicinduced CNS angiogenesis is unaffected in β3 integrin KO mice [37] , transgenic mice deficient in endothelial α5 integrin (α5-EC-KO mice) showed delayed and attenuated CNS vascular remodeling in response to hypoxic challenge [18] , suggesting that while αvβ3 integrin is dispensable for the angiogenic response, α5β1 integrin plays an important role in driving endothelial proliferation and CNS angiogenesis [18] . The current study confirms a similar role for α5β1 integrin in promoting vascular remodeling in the spinal cord. Having shown an important role for this integrin, in future studies our goal is to identify reagents (e.g., peptide agonists) that Fig. 9 The influence of chronic mild hypoxia (CMH) on astrocyte activation in the spinal cord. IF was performed on frozen sections of spinal cord white matter (a) or gray matter (c) taken from mice exposed to normoxia or 2-, 4-or 7-day hypoxia using GFAP antibodies (Cy-3). Scale bar 100 μm. b and d Quantification of GFAP fluorescent signal at different time-points of CMH in white matter (b) and gray matter (d). Results are expressed as the mean ± SEM (n = 3 mice/group). Note that under normoxic conditions, robust GFAP expression was observed within the fibrous astrocytes of white matter, but in contrast, within the gray matter, very few GFAP-positive cells were detected. Quantification showed that CMH had no noticeable effect on the total amount of GFAP fluorescent signal in the white matter, but in the gray matter, 7-day CMH strongly increased the GFAP signal. *p < 0.05, **p < 0.01 versus normoxia (0-day hypoxia) Fig. 10 Hypoxic-induced spinal cord vascular remodeling is delayed in α5-EC-KO mice. Frozen sections of spinal cord white matter (a) or gray matter (b) taken from control or α5-EC-KO mice exposed to normoxia or 4-or 7-day hypoxia (8% O 2 ) were examined for BEC proliferation and total vascular area, as assessed by CD31/Ki67 dual-IF. Scale bar 100μm. c and d Quantification of CD31+/Ki67+ proliferating BEC in the white matter (c) and gray matter (d), in which each experiment was performed with three different animals per condition, and the results expressed as the mean ± SEM of the number of CD31+/Ki67+ cells per field of view. Note that hypoxia promoted an increase in the number of proliferating BEC, though this response was delayed in α5-EC-KO mice in both white and gray matter. *p < 0.05, **p < 0.01. e and f Quantification of the influence of CMH on total vascular area in white matter (e) and gray matter (f). Results are expressed as the mean ± SEM in which vascular area is represented as a % of the FOV (n = 3 mice/group). Note that 7-day hypoxia promoted an increase in the total vascular area, though this response was delayed in α5-EC-KO mice in both white and gray matter. *p < 0.05 stimulate α5β1 integrin or its downstream signaling pathways so as to enhance the growth of spinal cord blood vessels.
